Abstract -In recent years, two-dimensional confined catalysis, i.e. the enhanced catalytic reactions in confined spaces between metal surface and two-dimensional overlayer, makes a hit and opens up a new way to enhance the performance of catalysts. In this work, graphdiyne overlayer was proposed as a more excellent material than graphene or hexagonal boron nitride for two-dimensional confined catalysis. Density functional theory calculations revealed the superiority of graphdiyne overlayer originated from the steric hindrance effect which increases the catalytic ability and lowers the reaction barriers. Moreover, with the big triangle holes as natural gas tunnels, graphdiyne possesses higher efficiency for the transit of gaseous reactants and products than graphene or hexagonal boron nitride. The results in this work would benefit future development two-dimensional confined catalysis.
Introduction
Since the birth of graphene [1] [2] [3] , two-dimensional atomic crystals are of considerable interest because of their unique structural and electronic properties.
Possible applications of two-dimensional atomic crystals in catalysis are also paid close attention [4] . People have tried to exploit the specialty of graphene for heterogeneous catalysis [5] , electrocatalysis [6, 7] and photocatalysis [8] . However, graphene is conventionally considered as chemically inert due to its saturated C-C bonds. So, vacancies, impurities and chemical modifications are widely considered for enhancing the catalytic ability of graphene [9] [10] [11] [12] [13] [14] [15] [16] and other two-dimensional materials [17] [18] [19] [20] [21] [22] [23] [24] [25] . In chemically modified systems, low-coordinated transition metal atoms are more active than saturated two-dimensional material surfaces to act as catalytic sites. In recent years, scientists keep pursuing the ultimate activity of transition metal catalysts, i.e. the single-atom catalysts anchored to special substrates, which exhibit more superior catalytic ability than conventional metal nanoparticles [26] [27] [28] [29] . For example, single Pt or Ir atom embedded in FeOx surface has shown their ability to transform CO into other molecules [26, 28] . Single Pd atom embedded in graphene has shown remarkable performance in selective hydrogenation of 1, 3-butadiene [15] . Single Fe atom embedded in graphene has been demonstrated as highly efficient catalyst for benzene oxidation [30] .
To achieve the synthesis of single-atom catalysts, state-of-the-art techniques have to be employed, which limits the widespread application of single-atom catalysts.
People have also explored the opposite side of ultimate catalyst size, i.e. combining two-dimensional materials with "large" catalysts. It is well established that catalysts in confined spaces can have enhanced activity [31, 32] . In recent years, two-dimensional confined catalysis [33] [34] [35] [36] , which utilizes the confinement of two-dimensional overlayer to enhance the catalytic ability of metal surface, has made a hit. Much effort was devoted to study two-dimensional graphene or hexagonal boron nitride cover on Pt(111) surface [33, 34, 36] . It has been found that gaseous molecules can readily intercalated under the two-dimensional overlayers and the confined space between the ovelayers and the underlying metal acts as nanoreactors.
Such novel idea will open a new era of catalysis.
With the rapid development of two-dimensional materials, more and more candidates for two-dimensional confined catalysis have been born. Several decades ago, graphyne and its family (graphdiyne, graphyne-3 etc.) were predicted [37] [38] [39] to be two-dimensional layered C allotropes with acetylenic C≡C bonds. In 2010, graphdiyne has been successfully synthesized on the surface of copper via a cross-coupling reaction using hexaethynylbenzene [40] . Recently, large segments of graphyne and graphdiyne films have been successfully synthesized [40] [41] [42] [43] [44] [45] . From the structure, the big triangle holes in graphdiyne could accommodate small molecules and act as gas tunnels. It can be inferred that with the natural gas tunnels, graphdiyne overlayer may be more suitable than graphene or hexagonal boron nitride for two-dimensional confined catalysis. Theoretical research has confirmed the possibility of small molecules passing through the acetylenic triangle hole of graphdiyne [46, 47] . In addition, a recent report [48] has suggested graphdiyne as catalyst for CO oxidation. Comprehensively considering above situation, further research on graphdiyne-covered systems could benefit future development two-dimensional confined catalysis.
In this work, density functional theory (DFT) calculations were carried out to investigate two-dimensional confined catalysis on graphdiyne-covered Pt(111) surface.
Catalytic CO oxidation on graphdiyne-covered Pt(111) surface was systematically studied and compared with pristine Pt(111) surface. The reaction mechanism of CO oxidation was analyzed to reveal the two-dimensional confined catalytic effect of graphdiyne and the advantage of graphdiyne cover to graphene. Due to the steric hindrance of graphdiyne, the barriers and free energy changes of CO oxidation substeps on graphdiyne-covered Pt(111) surface are correspondingly lower than on pristine Pt(111). The catalytic reaction on graphdiyne-covered Pt(111) surface is more thermodynamically favorable and could be easily proceeded at room temperature.
This work primarily explores the advantage of porous two-dimensional material to two-dimensional confined catalysis and provides beneficial information for further development of two-dimensional confined catalysis.
Computational details
DFT calculations were performed using the Vienna ab initio simulation package [49] [50] [51] [52] . The projector-augmented wave method [53, 54] was used with a kinetic energy cutoff of 400 eV. The generalized gradient approximation of Perdew-Burke-Ernzerhof [55] was employed as the exchange-correlation functional.
Grimme's DFT-D2 correction [56] was employed to account for van der Waals interactions (with C 6 = 24.67 J· nm 6 · mol -1 and R vdW = 1.75 Å chosen for Pt [33] ). The Brillouin-zone integration was performed with 2×2×1 Monkhorst-Pack grid [57] and a Gaussian smearing of σ = 0.05 eV. The convergence of total energy was considered to be achieved until the energy difference of two iterated steps was less than 10 -6 eV.
Geometries were fully relaxed without any symmetric constrains until the Hellmann-Feynman forces were below 0.001 eV/Å.
Graphdiyne-covered Pt(111) surface was simulated by a repeated slab model in which (1×1) graphdiyne layer was placed on top of four-layered (2 3 ×2 3 ) Pt slab with the bottom two layers fixed. The replicas of simulation system were separated by a vacuum layer of at least 12 Å in the direction perpendicular to the Pt(111) surface.
The size of two fixed bottom layers was set according to the optimized lattice constant a=3.97 Å of Pt bulk, which is about 1% larger than the experimental value a=3.92 Å.
The graphdiyne lattice constant was adapted accordingly, resulting in a strain of 3%.
The search of reaction paths and transition states was performed using the climbing image nudged elastic band (CINEB) method [58] [59] [60] , with linear interpolation between the coordinates of reactant and product as initial guess of reaction paths. Seven images were inserted between two stable states. The reaction paths were relaxed by minimizing the residual forces with quasi-Newton algorithm.
The geometries of reactants, products and transition states were verified by means of frequency calculations. In free energies calculations, the zero-point energy (ZPE) and entropic corrections have been included. At 0 K, the free energy of a species is calculated according to
where EDFT is the relaxed DFT total energy and EZPE is the ZPE. At T = 300 K and pressure p = 1 atm, the free energy of a species is calculated according to
where
pdT is the integrated heat capacity, T is the temperature, and S is the entropy. ZPE is calculated with the vibrational frequencies as calculated within DFT.
For gas phase species (CO, O2 and CO2), the integrated heat capacity  T C 0 pdT and entropy S are obtained from standard tables of thermodynamic data [61, 62] .
For the adsorption of species A on another species B, the binding energy is defined as
where G0(A), G0(B) and G0(A-B) are the free energy of A, B and A-B complex at 0 K, respectively, including ZPE corrections. For a reaction, the potential barrier is calculated according to
where G0 reactant is the sum of free energies of the reactants at 0 K, and G0 ≠ is the free energy of transition state at 0 K. The standard free energy of activation reads
where Greactant is the sum of free energies of the reactants and G ≠ is the free energy of transition state at T = 300 K and pressure p = 1 atm. The standard free energy change of a reaction reads
where Gproduct is the sum of free energies of the products at T = 300 K and pressure p = 1 atm.
Results and discussion

Graphdiyne-covered Pt(111) surface
To obtain the most stable structure of graphdiyne-covered Pt (111) eV/atom) [64] , graphdiyne is bound more strongly on Pt. It is worth noting that the graphdiyne-Pt distance is close to graphene-Pt and hexagonal-boron-nitride-Pt distance (>3 Å) [33, 34, 64] , providing appropriate environment for two-dimensional confined catalysis underneath graphdiyne. 
O2 adsorption and dissociation on graphdiyne-covered Pt(111) surface
Before investigating O2 adsorption and dissociation on graphdiyne-covered Pt(111) surface, we first considered O2 adsorption and dissociation on pristine Pt (111) surface for comparison. Fig. 2(a) pristine Pt(111) surface. In the primary step of O2 dissociation (Fig. 2(c) ), one of the O atoms goes across the neighboring HCP site and reaches the nearby FCC site with elongating O-O bond length. The standard free energy change from O2 (the initial configuration in Fig. 2(c) ) to two O atoms located at nearest FCC sites (the final configuration in Fig. 2(c) Table 1 The potential barriers of CO migration steps 1~5 in Fig. 3 Table 2 The potential barriers of O2 migration steps 1~6 in Fig. 3(c) . 
CO and O migration on graphdiyne-covered Pt(111) surface
To further demonstrate the existence of prerequisite for CO oxidation, we investigated the migration of CO and O on graphdiyne-covered Pt(111) surface.
Potential barrier calculations indicate that CO and O could migrate and encounter each other at room temperature. Since the CO migration process on graphdiyne-covered Pt(111) surface is complex with many different adsorption sites and migration steps, we only investigated some typical steps in the calculations. The arrows of 1~4 in Fig. 3(b) presents the shortest CO migration path from one ATOP site to another, with corresponding potential barriers shown in Table 1 . The step 1 from the most stable ATOP site to the neighboring FCC site has the highest barrier Ea = 1.17 eV. These following steps 2~4 are of much lower barriers than step 1, indicating that step 1 is the rate-determining step. At 300 K, the standard free energy of activation of step 1 is ΔG ≠ = 1.11 eV, and the corresponding rate constant is
Such rate is too low for CO to migrate at room temperature. At T = 400 K, the rate constant of step 1 is r = 6.5×10 -2 s -1 , which is passable for the reaction to proceed.
Via step 1, CO arrives at the neighboring FCC site. Then, the CO molecule may go across the HCP site under the acetylenic chain via step 2~4, and arrive at another ATOP site, with corresponding potential barriers Ea below 0.3 eV (see Table 1 ). CO may also return to the ATOP site via the inverse process of step 1, or go to other HCP sites. The potential barrier of step 2 (the inverse process of step 1) is Ea = 0.26 (0.06) eV, respectively. Since the barriers are very low, these processes could easily happen at room temperature. Besides step 2~4, other paths (e.g. step 5) may be also thermodynamically possible. Because of the complexity of calculating all the migration paths, here we only investigate the shortest route from one ATOP site to another, showing the possibility of CO migration.
Summing up the above analysis, CO migration on graphdiyne-covered Pt (111) surface is difficult at room temperature due to too slow the rate-determining step 1. At T = 400 K or above, the rate of step 1 is passable and CO migration becomes possible.
Once overcoming the barrier of step 1, the barriers following steps are much lower and CO would move from one ATOP site to another.
Then, the migration of O on graphdiyne-covered Pt(111) surface was investigated, finding lower barriers than CO migration. We inferred that O migration is possible at room temperature. The arrows of 1~4 in Fig. 3 
Conclusions
In this work, graphdiyne-covered Pt(111) surface was taken as a model to study the superiority of graphdiyne in two-dimensional confined catalysis and unveil the catalysis mechanism. Graphdiyne overlayer on Pt(111) surface was proved to be excellent catalyst to promote CO oxidation at room temperature. the acetylenic triangle pores of graphdiyne play a role of natural CO and O2 entrance and CO2 exit. By contrast with graphene overlayer using fractures as molecular tunnels, graphdiyne overlayer could be more excellent in two-dimensional confined catalysis [33] , and would improve the heterogeneous catalysis ability of transition metal surface.
